A purification procedure for the periplasmic hydrogenase from Desulfovibrio vulgaris (Hildenborough, Na- 
MATERIALS AND METHODS
Growth of Organisms and Preparation of Crude Extract. 57Fe-labeled D. vulgaris (Hildenborough, NCIB 8303) was grown for 38 hr in lactate/sulfate medium containing the following components per liter: sodium lactate (60%), 12.5 ml; NH4Cl, 2 g; MgSO4-7H2O, 2 g; K2HPO4, 0.5 g; Na2SO4, 4 g; CaCl2 2H2O, 0.035 g; Na2S-9H20, 0.25 g; 57Fe (enrichment, 95%), 1 mg; EDTA, 2 mg; cysteine hydrochloride, 0.125 g; mineral solution (9), 1 ml. The pH of the medium was 7.2 after autoclaving. Cells (407 g) from 200 liters were harvested and then suspended in 400 ml of 10 mM Tris-HCl (pH 7.6) and frozen at -80°C for 2 days. The cells were then slowly defrosted for about 20 hr and were centrifuged at 19 ,000 x g for 45 min. The supernatant was called crude extract.
Purification of Hydrogenase. All purification procedures were carried out in air, at 40C, and the pH of the buffers was 7.6 (measured at 50C). A summary of the results of a typical purification is presented in Table 1 .
First DEAE-Bio-Gel column. The crude extract was placed on a DEAE Bio-Gel column (6 x 32.5 cm) and washed with 500 ml of 0.01 M Tris-HCl buffer, and the proteins were eluted with two Tris-HCl linear gradients ( Hydroxylapatite column. The collected hydrogenase-containing fractions were loaded onto a hydroxylapatite (BioRad) column (4.5 x 24.5 cm) and the column was washed with 100 ml of 1 mM potassium phosphate (KP) buffer at a flow rate of 40 ml per hour. The protein was then eluted by two phosphate linear gradients (1.25 liters of 1 mM KP buffer and 1.25 liters of 0.2 M KP buffer, 625 ml of 0.2 M KP buffer and 625 ml of 0.3 M KP buffer). The hydrogenase activity was detected between 1650 ml and 2390 ml and the volume concentrated to 15 ml by using a diaflow apparatus with a YM 30 membrane.
Second DEAE-Bio-Gel column. The concentrated protein solution was diluted 1:10 with 10 mM Tris-HCl and then applied to the second DEAE-Bio-Gel column (4.5 x 22.5 cm). The column was washed with 200 ml of 0.01 M Tris-HCl, and then a linear gradient was constructed (750 ml of 0.01 M Tris-HCl and 750 ml of 0.2 M Tris-HCI). The hydrogenase was collected between 1200 and 1330 ml and the volume was concentrated to 14 ml.
Sephacryl S-200 column. The protein was loaded on a Sephacryl S-200 column (5.4 x 85 cm) and eluted with 0.05 M KP buffer at a flow rate of 20 ml/hr. The protein was collected in 5 ml-fractions between 650 and 700 ml. Purity of the hydrogenase was established by polyacrylamide disc electrophoresis (10) as well as NaDodSO4/acrylamide electrophoresis (11) . The purified hydrogenase had a specific activity of 4800 ,umol of H2/min per mg of protein and an A400 nm/A280 nm ratio of 0.36.
Assays and Metal Determination. Hydrogenase activity was determined by the H2 evolution assay (12) . Hydrogen was determined by means of a Varian 4600 gas chromatograph (4) and protein, by the Bradford method (13) using bovine serum albumin as a reference standard. Metal content was determined by plasma emission spectroscopy using a Jarrell-Ash model 750 atomcomp.
EPR and Mossbauer Methods. EPR measurements were made with a Varian E-109 spectrometer. The Mossbauer spectrometer is of the constant-acceleration type. Both spectrometers have been described (14) . The centroid of room temperature Mossbauer spectra of a metallic iron foil was taken as zero velocity.
Abbreviation: DCIP, dichlorophenolindophenol.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "'advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Fig. 1 . The close resemblance between spectra A and B in Fig. 1 .06, g, = gy = 2.00 is observed (Fig. 2 , spectrum A). At higher temperatures (e.g., 77 K), only the axial signal is observed (Fig. 3) . For convenience, the paramagnetic species that yields the axial EPR signal is termed the g = 2.06 species. The g values of the axial EPR signal, and the fact that the signal could still be observed above 77 K, are rather unusual parameters for an iron-sulfur cluster. Also, the intensity of this g = 2.06 signal could be increased by treating the reduced enzyme with CO (unpublished results; also see below). The EPR spectra of hydrogen-reduced 57Fe-enriched hydrogenase and of unenriched hydrogenase at 77 K after the exposure to CO are compared in Fig. 3 . The EPR spectrum of the 57Fe-enriched hydrogenase relative to that of the unenriched hydrogenase shows a broadened g = 2.06 signal. The extent of broadening in the g = 2.00 region is 12 G. This observed broadening unequivocally proves that the g = 2.06 EPR signal is derived from an iron-containing complex.
Dichlorophenolindophenol-oxidized hydrogenase. The intensity of the g = 2.06 EPR signal could be increased by about 10-fold if the hydrogen-reduced enzyme was allowed Fig. 2 The Mossbauer spectra of the DCIP-oxidized enzyme are shown in Fig. 4 Fig. 2 Fig. 4 indicates that component MA exhibits an absorption pattern that is dependent on the direction of the applied magnetic field. It has been shown that a paramagnetic species that yields field-direction-dependent Mossbauer spectra should also be EPR active (16 Taken together, the aforementioned observations and the fact that DCIP and cytochrome C3 are electron acceptors, we tentatively consider the g = 2.06 species to be an atypical [4Fe-45] + cluster. However, considering the uncertainties in estimating the percentage iron resonance absorption, the iron content, and the spin concentration, such an assignment has to be viewed as provisional. Also, in view of the unusual g values and the electronic relaxation properties, we do not exclude the possibility that the g = 2.06 species may be a novel iron cluster.
CO-treated hydrogenase. When the hydrogen-reduced enzyme was allowed to react with CO, the g = 2.06 signal was observed to increase to the same intensity as found with cytochrome C3 or DCIP treatment of hydrogen-reduced enzyme. However, in some cases the g = 1.94 signal was still VELOCITY (mm/s) detectable, although its intensity was much reduced in comparison with that of hydrogen-reduced enzyme. Again, for more detailed studies, a Mossbauer/EPR sample of COtreated hydrogenase was prepared. The EPR spectrum is shown in Fig. 2 (trace B ) and the Mossbauer spectrum is shown in Fig. 5 On the basis of function, hydrogenases have been categorized into two types, "uptake" and "evolution," and it has been suggested that uptake hydrogenases can be characterized as containing nickel (21) . Our results show conclusively FIG. 5 . Mossbauer spectrum of 57Fe-enriched hydrogenase from D. vulgaris after CO treatment. Data were recorded at 4.2 K with a 500-G parallel field. The EPR spectrum of this sample is shown in Fig. 2 ( (23) , and now it has been observed in D. vulgaris. In the case of D. vulgaris hydrogenase, this signal is observed in the hydrogen-reduced enzyme, in the CO-treated enzyme, and in the presence of cytochrome C3, the natural electron carrier for this hydrogenase (24) . It should be noted that cytochrome C3 does not inhibit hydrogenase and that inhibition by CO of the hydrogen-evolution activity is completely reversible.
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